The eye is the primary sensory organ and its importance is reflected in terminology such as 'windows to the soul'. For light to enter the eye, the epithelial layer has to be thin and as such, is more vulnerable to damage or infection. Therefore, defence of the eye is of paramount importance, as loss of integrity of the cornea can lead to sight-threatening conditions. Defence of the eye comprises physical structures, production of a wide range of antimicrobial substances and the maintenance of a stable microbiome. Disturbance of any of these elements can lead to further consequences and possibly diseases of the eye. Use of contact lenses has become increasingly popular, but while this form of vision correction has many advantages, it does involve a disturbance to the environment of the eye.
DEFENCE IN THE NORMAL EYE Tears
Tears are produced by the lacrimal glands of which there are two types, the main and the accessory lacrimal glands. 1 The main lacrimal glands are located in the upper outer part of the eye sockets and release extra tears into the conjunctiva if the eyes are irritated or during crying. The accessory lacrimal glands, known as glands of Wolfring and glands of Krause, are located within the palpebral conjunctiva and maintain the tear film on the surface of the cornea and conjunctiva. The tears drain to form the marginal tear strips or tear prisms at the upper and lower lid margins, and eventually, via the lacrimal canals to the naso-lacrimal duct. This process is effected by lid closure which facilitates tear movement. Lacrimal glands are larger in women, reaching their maximum volume in the teenage years. Differences have been observed between ethnic groups, with largest volumes observed in Asian women. 2 The tear film is generally considered to consist of three layers. 1 Although more recent researchers have suggested that there may be as many as six layers, 3 a three-layer model better explains the characteristics and functions of tears. 4 The major components of the outer layer are lipids, produced by the meibomian glands in the eyelids. 5 The presence of this layer prevents evaporation of the tears, as well as providing a smooth optical surface. This helps prevent contamination of the eye by dust and bacteria, as well as by skin lipids, which could otherwise destabilise the tear film by altering surface tension, leading to spilling of tears onto the skin.
have long been recognised as important in maintaining antimicrobial defence. However, in recent years, the availability of proteomic analysis has allowed the identification of a wide range of other proteins in this layer. 9, 10 Differences in concentrations of these proteins have been linked to a wide variety of ocular and other diseases, 11 including dry eye 12 and glaucoma. 13, 14 The inner layer, adjacent to the epithelial surface, is composed of the gel-forming glycoprotein, MUC5Ac. 15, 16 The aqueous layer is involved in removing foreign bodies and providing oxygen and other nutrients to the cornea.
This mucous layer, produced by the goblet cells and corneal and conjunctival epithelia, contains secreted and transmembrane mucins, immunoglobulins, salts, urea, enzymes, glucose and leukocytes to form a hydrophilic layer protecting the ocular surface and increasing stability of the tear film. 17 The mucins may also regulate epithelial cell growth, as well as facilitating blinking and movement of the globe. 18 Estimates of the thickness of the tear film have varied considerably 19, 20 but current estimates concur that the pre-ocular tear film has a depth of 3-11 μm. 21 It is important to appreciate that the tear film is not uniform and changes in thickness after each blink. In addition to change in the thickness, blinking affects the composition of tears, and animals with long inter-blink intervals, such as rabbits and koalas, have higher levels of phospholipids. 22 
TEAR COMPONENTS
The most well-known tear component, lysozyme, was first shown to be present in human tears and to be an anti-bacterial agent by Fleming in 1922. It is present in both basal and reflex tears making up 20-30 per cent of the total proteins in the tears. 8 Its antibacterial properties are frequently misrepresented, as alone, it is able to cleave the peptidoglycan of Micrococcus and Staphylococcus epidermidis, but not S. aureus. For effects against other bacteria, the presence of additional tear proteins is required. 23 The second most abundant tear protein is lactoferrin, which also represents about 25 per cent of total proteins. It has bacteriostatic properties, being able to bind divalent cations, especially iron, which is required for bacterial growth and toxin production. 24 The ion-binding capacity also inhibits complement activation and decreases release of oxygen by polymorphonuclear neutrophils (PMN) 8, 25, 26 and thereby, modulating immune and inflammatory responses. 27 Lactoferrin may also act as a detergent, being able to disrupt the cell membranes of many micro-organisms. 28 Lipocalin is a major protein in reflex tears and is capable of binding to ironchelating siderophores of bacteria and thus, like lactoferrin, interfering with uptake of iron. 29 It has also been proposed that lipocalin may have a protease-inhibitory effect, being able to protect against bacterial cysteine proteases. 30 Secretory IgA is the major antibody present in the tears, being produced by plasma cells in the lacrimal gland. 31 Unlike other antibodies, the primary function of secretory IgA is not complement activation or opsonisation of pathogens, but it is efficient at clearance of pathogens by preventing their adherence to host cells. 32 It also enhances aggregation and entrapment of micro-organisms by binding to their adhesion molecules, aiding removal. Its presence is chemotactic for phagocytes. 33 Complement factors are present in low levels in tears, with factor C3 and B being predominant. Presence of these factors indicates activation of the alternative pathway, which leads to presence of fragments involved in acute inflammation that may act as opsonins attracting neutrophils. 34 Complement component concentration is greatest in closed eye tears, suggesting that the pathway is most active during sleep. As the presence of pro-inflammatory factors could lead to tissue damage, the complement pathway is regulated by a range of factors, including CD55, CD46 and CD59, as well as the inhibitory effects of lysozyme and lactoferrin. [34] [35] [36] Other less abundant components have been identified in recent years. Some of these have antimicrobial properties. 10 Secretory phospholipase A2 is active against Gram-positive bacteria by binding to the surface and hydrolysing the sn-2-fatty acyl moiety in phospholipids on the bacterial cell membranes. 37 In contrast, secretory leukocyte protease inhibitor (SLPI) has activity against Gram-positive and Gram-negative bacteria, fungi and human immunodeficiency virus, as it has a high cationic charge. 38 As is the case for complement components, SLPI is also present at higher levels in closed eye tears. 39 As SLPI can inhibit neutrophil elastase, it can protect ocular surface cells from this enzyme. A similar molecule, elafin, is also found in tears and has anti-inflammatory and antimicrobial properties. 38 A further bactericidal agent, bactericidal/permeability-increasing protein, can bind to lipopolysaccharide of Gramnegative bacteria and has also been demonstrated in tears. 40 Betalysin, which is present in tears, has also been found in platelets and serum, as well as in neutrophils. It targets the cell membranes of Gram-positive bacteria and enhances phagocytosis. 41 In addition to MUC5Ac, other mucins, including MUC1, MUC2, MUC4, and MUC16 have also been demonstrated in tears. 15 These mucins are well recognised to provide lubrication and help the tears to stick to the corneal surface, but also have antimicrobial properties. MUC5Ac can trap pathogens and help to steer them to the lacrimal canals. Secretory IgA, lysozyme and SLPI are present in the mucous layer and together act as an antimicrobial entity, enabling micro-organisms trapped by mucin to be killed. 8 Tear mucin can prevent adherence of Pseudomonas aeruginosa to the ocular surface but does not affect that of Staphylococcus or Streptococcus.
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MUC1 may also bind pathogens and guide them to the lacrimal canals, 43 although this has been disputed as MUC1 levels have varied in mice with ocular infections. 44, 45 It is possible that other mucins also have a antimicrobial role.
Surfactant proteins (SP) can bind to carbohydrates on bacterial surfaces forming part of the host defence. 46 SP-A and SP-D are present in the tears and also bind to neutrophils enhancing phagocytosis. SP-D appears to protect epithelial cells from P. aeruginosa infections, possibly by binding to the micro-organisms. 47, 48 A range of antimicrobial peptides, which have both immunomodulatory effects as well as antimicrobial properties, are present in the tears, 49, 50 especially after waking. 51 Low levels of beta-defensins are normally secreted into the tears from corneal and conjunctival cells, 52 but these increase in patients who have undergone ocular surgery. 53 Psoriasin, active against Gram-negative bacteria, and histadin, against fungi, are also present in tears. 54, 55 Other components may also aid in ocular defence. These include lacritin which stimulates tear production and epithelial cell growth, and as it has activity against both Gram-positive and Gram-negative bacteria, 56 has been used as a topical agent for treatment of ocular infections. 57 It is likely that other minor components of the tears may also be shown to have antimicrobial activity acting as modulators to enhance the ocular defence response. Early attempts to characterise the ocular proteome targeting the lacrimal gland and ocular surface epithelial cells identified more than 500 individual proteins. [58] [59] [60] More recently, an even wider range of 1,543 proteins were described in the tears of healthy human adults. 61 Functional analysis of these tear proteins into cellular components, biological processes and molecular functions has been performed. Within the category of molecular functions, proteins associated with enzyme inhibition and antioxidant activity were the most abundant. 61 The ocular defence mechanisms of the tears described above apply principally to the open eye condition. When the eye is closed, the cleaning and pumping actions of blinking are no longer acting to remove micro-organisms from the surface of the eye. However, drying of the ocular surface and exposure to pathogens, as well as risk of trauma, are reduced. In contrast, any micro-organisms trapped in the eye can multiply, allowing the eye to be exposed to toxins and other microbial waste products. Additionally, the level of oxygen is reduced but carbon dioxide and lactic acid are increased, 62 leading to a decreased pH which results in mild corneal oedema and production of pro-inflammatory mediators, interleukin (IL)-8, and 12 rHETRE. 63 This increases the risk of damage to the eye. Eye closure also changes the composition of the tears so that is consists mainly of secretory IgA, which may comprise 80 per cent of total protein. 64 Other changes include increased complement components and presence of large numbers of PMN, suggesting a mild inflammatory state, which may help to protect the ocular surface from damage by the entrapped microorganisms. 65 This has been confirmed by presence of high levels of PMN cell antimicrobial agents. The effectiveness of the defence is also confirmed by the relatively small numbers of micro-organisms isolated after overnight eye closure. 66 
Cornea
The cornea consists of five layers of which the outer layer, the epithelium, is characterised by tight cell junctions and rapid replacement.
These cells produce high levels of plasminogen activator inhibitor 2 and membranebound complement inhibitors, 67 inactivators of PMN enzymes and antioxidants. 68 Although the cornea and the sclera make up a contiguous layer, the latter overlaid by the conjunctiva, these tissues vary considerably in their immunological capacities. The conjunctiva has many inflammatory cells, including mast and plasma cells, and is highly vascularised, 69 in contrast to the cornea, which is avascular and does not contain antigen-presenting cells. 70 The absence of antigen-bearing cells and the lack of lymphatic drainage of the cornea due to the tight cell junctions prevent antigens reaching the lymph nodes and immune cells entering the tissue, thereby reducing the immune response. 71, 72 Even within the cornea there are differences, as the central cornea is not able to respond to foreign antigens, while the peripheral cornea and the vascularised limbus contain antigen-bearing cells. 72, 73 Only in the case of bacterial and viral infections, when corneal epithelial cells secrete IL-1b, which is a chemo-attractant, do antigenbearing cells move into the central cornea. This leads to activation of the humoral response and inflammation. 74 Macrophages and neutrophils entering the site will release cytokines facilitating T-cell activation and B-cell differentiation, while also increasing the inflammatory response. The corneal cells produce transforming growth factor-β and other growth factors, 75 which suppress the cell-mediated immune response, and Fas L which protects the corneal cells from cell-mediated damage by interacting with T-cells leading to apoptosis. Therefore, there is a fine balance between corneal immune response and protection from non-specific epithelial damage. 8, 72 Periorbital structures
The periorbital anatomy functions to protect the eye, as eyebrows deflect sweat, eyelids protect the eye from foreign bodies, eyelashes trap dust and micro-organisms, and the recessed orbital cavities reduce the risk of blunt trauma. The blink reflex is a rapid, involuntary blinking of the eyelids resulting from corneal stimulation or other peripheral stimulus. 76 However, these protective anatomical features do result in microorganisms collecting on the structures around the eyes, thereby forming a potential reservoir for eye infection.
Microbiome
Previously referred to as normal flora, the wide range of micro-organisms inhabiting the healthy eye is now known as the microbiome, reflecting the separation of bacteria from plants and the establishment of the kingdom microbiota. This was rapidly followed by the ability to characterise bacterial communities by sequencing 16S ribosomal RNA (rRNA) gene amplicon libraries generated from samples collected from sites of the body known to have resident micro-organisms. The Human Microbiome Project 77, 78 adopted this approach and was able to show that there was an extremely diverse community of micro-organisms sharing the human body. These relationships between ourselves and the microbiota have been increasingly investigated and their roles and effects of disturbance are the target of continuing investigations. 79, 80 However, the Human Microbiome Project did not initially include the ocular surface 77 and so other researchers have explored the microbiota of the eye. [81] [82] [83] [84] [85] The results of these studies completely alter our understanding of the colonisation of the ocular surface, which was initially thought to be a fairly simple community. 86 The first attempt at characterising the ocular micro-organisms was reported in 1907 by Axenfeld. 87 It was suggested that bacteria, including Staphylococcus epidermidis, streptococci and Escherichia coli are transferred into the formerly sterile eyes of babies during the birth process and with the addition of other streptococci and pneumococci, remain the predominant micro-organisms during the first two decades of life. 88 Older subjects may carry S. aureus, S. epidermidis and diphtheroids as their predominant micro-organisms. 89 These findings were confirmed by several researchers and accepted as 'normal ocular flora' for almost seven decades. 88 However, the microbiome investigations revealed that this was a far too simplistic view of the ocular microbiome. 90 The previously identified micro-organisms had been discovered as a result of conventional culture techniques, which tend to favour faster growing and less fastidious species. 81, 82 Conventional cultures may also suffer from problems of sample collection and lack of adequate anaerobic culture technique.
With the introduction of gene sequencing, phylogenetic studies became the standard for studying microbial communities and classification of bacteria. 91 This allows identification of small speciesspecific differences in the sequences of bacterial rRNA. 81 In an attempt to correlate microorganisms isolated from cultures with those identified by DNA sequencing, samples from 49 normal subjects were examined using conventional bacterial cultures and 16S rDNA polymerase chain reaction (PCR). Cultures yielded mainly coagulasenegative staphylococci (CNS) and Bacillus species, whereas, DNA sequencing also yielded Rhodococcus, Corynebacterium, Propionibacterium, Klebsiella and Erwinia. Using a modification of this technique to study the conjunctiva microbiome of four young healthy adult males, it was determined that there were an average of 221 species-level phylotypes in each subject. 82 These bacteria belonged to five phyla and 59 genera. In addition, 31 per cent of all sequences appeared to belong to unclassified or new bacteria.
Even among the four subjects investigated, there was significant inter-subject variability, with only 12 genera being present in all four subjects. These genera, Pseudomonas, Propionibacterium, Bradyrhizobium, Corynebacterium, Acinetobacter, Brevundimonas, Staphylococcus, Aquabacterium, Sphingomonas, Streptococcus, Steptophyta and Methylobacterium, were suggested to form the core of the conjunctival microbiome. These results were somewhat surprising as they included several genera usually considered as ocular pathogens. Of the 59 genera, 42 had not been previously reported in healthy eyes. Although the results needed to be confirmed by further investigations, due to the limited sample size of this study, it was clear that the ocular microbiome was different from that of the mouth or throat, being similar to that of the skin. 92 The results of the gene-sequencing study were also in contrast with culture-based results, in that the latter had shown that Staphylococcus, Propionibacterium and Corynebacterium were predominant, 81, 93 whereas the former indicated that Pseudomonas, Propionibacterium and Bradyrhizobium were the most abundant genera with only four per cent of micro-organisms being Staphylococci. 82 It appears that the ocular microbiome may have developed as a result of physical interactions between the skin at the eyelid margins or the fingers and the ocular surface. 81, 94 Air-borne dust and contaminated water may also contribute to the micro-organisms present. The latter may explain the presence of Bradyrhizobium, which is recognised as a typical soil bacterium and has been identified in the microbiome at other sites in the human body. 95 These bacteria are often endosymbionts of protozoans, such as Acanthamoeba, which pollutes tap water. 96, 97 Adopting a more sophisticated system for microbial identification (Illumina highthroughput sequencing technology), a further study was also able to identify a wide range of bacterial genera present on the conjunctivas of 31 normal subjects. This study identifies Proteobacteria, Actinobacteria and Firmicutes as the most commonly present phyla accounting for 96 per cent of micro-organisms present. 83 A total of 526 distinct genera were categorised which varied considerably between subjects, with only 24 being present in all subjects. The 10 most common genera were Corynebacterium, Pseudomonas, Staphylococcus, Acinetobacter, Streptococcus, Millisia, Anaerococcus, Finegoldia, Simonsiella and Veillonella. The abundance of these micro-organisms varied immensely between subjects, with only Pseudomonas accounting for more than one per cent of the micro-organisms in all individuals. The common genera identified in this study included only five of those reported by Dong and colleagues. 82 These five genera, Pseudomonas, Corynebacterium, Acinetobacter, Staphylococcus and Streptococcus, have been commonly reported in cultures of normal subjects and may represent the core microbiome. 77 In another study using 16S rRNA, Zhou and colleagues 98 reported that 80 per cent of subjects had Corynebacterium, Streptococcus, Propionibacterium, Staphylococcus, Bacillus and Ralstonia. These authors considered that Pseudomonas also forms part of the core of the ocular microbiome. Therefore, these three studies have yielded somewhat different results, although all of them have identified many genera previously not associated with the ocular microbiome. The differences between these results may be related to the subjects used, sample collection methods and the technique for identifying the micro-organisms.
A recent study also adopted the study design used by Graham and colleagues 81 to compare results obtained by microbial culture with those from gene sequencing. 84 They also utilised Illumina high-throughput sequencing technology for identification of gene sequences. Their culture results confirmed the predominance of CNS, being present in 45 per cent of samples, together with Corynebacterium, Streptococcus and Propionibacterium being the four most common isolates from their 107 subjects. Quantitative PCR indicated that there was approximately one bacterial cell for every 20 conjunctival epithelial cells. This is far fewer than the 150-200 bacteria per human cell found on the facial skin or the buccal mucosa. 84 Women were found to have statistically higher bacteria loads than men, and older subjects more than younger subjects. Once again, gene sequencing led to the identification of a much greater variety of genera (887 in all) with an average of 245 genera identified in each sample. The authors assumed that the majority of genera identified were contaminants introduced into the specimens during processing. This was investigated by comparing micro-organisms from conjunctival swabs with swabs collected from the environment, leading to a reduction from 887 genera to 42. Further analysis revealed that of these 42 genera, 17 were present in very small numbers. Of the remaining genera, the four with the highest confidence to have originated from the conjunctiva were the same as those that had been most commonly detected in the cultures.
Pseudomonas and Elizabethkingia, while detected in 29 per cent of all conjunctivas by sequencing, were rarely isolated from cultures. Other micro-organisms occasionally isolated by culture were identified by sequencing, as well as a range of other micro-organisms that have been described as present in the conjunctiva by other studies, 81, 99, 100 but all of these accounted for less than one per cent of total conjunctival sequences.
However, although a wide a range of micro-organisms has been detected as a result of gene sequencing methodologies, there remains some controversy about the significance of the presence of many of these micro-organisms. Are they indeed colonising the eye or present only as shortterm contaminants that are likely to be killed and removed from the eye, or is the ocular microbiome indeed as complex as those found in the mouth and the gut? 101 If the latter is true, small changes to the microbiome could lead to the development of a range of ocular problems, including dry eye and conjunctivitis. It is therefore necessary to repeatedly sample the microbiome from healthy subjects over a period of time to determine which micro-organisms are usually present. This does require accurate quantitative assessment of micro-organisms present 102 and determination of viability of these micro-organisms because, as described above, the ocular surface is highly antimicrobial and the presence of DNA alone may only indicate that a non-viable organism is present. 90, 101 The importance of micro-organisms present may also be revealed by their position in the microbial layer on the ocular surface. Those closest to the mucosal layer, Staphylococci, Proteobacterium and Cornyebacterium, have been consistently described by culture methods using firm pressure and moist swabs, whereas dry swabbing of the ocular surface using only light pressure yielded species considered to be opportunistic or environmental and may therefore be transient rather than integral members of the ocular microbiome. 82 Studies comparing cultures and sequencing appear to confirm the importance of the microorganisms found in the mucosal layer as members of the ocular microbiome. In particular, the exclusion of environmental genera and estimations of cell numbers by DNA quantification, strongly support the contention that the conjunctival microbiome is likely to be limited to relatively few species and is paucibacterial compared to other body sites. 81, 84 The presence of many known pathogenic bacteria in the microbiome of healthy subjects indicates that the ocular surface is able to suppress microbial infections, as have been described above. This is supported by the relatively small bacterial population described by recent studies. 84 Thus, it may well be that ocular infections are caused by resident bacteria if their virulence is increased or the immunity of the host is reduced as a result of trauma, stress, ageing or a change in the balance of the microbiome. 103, 104 Other factors, such as use of antibiotics and exposure to antiseptics, may also disturb the balance of micro-organisms present on the ocular surface.
Under normal conditions, it is thought that the microbiome and epithelial cells coordinate several functions in order to maintain the health of the ocular surface. These include barrier preservation, inhibition of inflammation, acceleration of tissue repair and exclusion of pathogens. 105 Surface epithelial cells can distinguish between commensals and potential pathogens by recognition of pathogen-associated molecular patterns using a special group of pattern-recognition receptors expressed by the cells, allowing rapid detection of pathogen-associated molecular patterns. 106 Thus, epithelial cells act as the first line of defence against invading and commensal micro-organisms. However, other cells present in the cornea are also involved in antigen processing. Healthy individuals have been shown to have higher levels of mucinolytic enzymes, allowing mucins from the epithelial surface to be released into the tear film, acting as a regulatory feedback to control the bacterial load. 94 Although most attention has been given to the bacterial members of the microbiome, other micro-organisms may also be present in many subjects. Herpes simplex virus has been identified in the tears of around 30 per cent of normal subjects. 107 Similarly, 30 per cent of hepatitis B carriers have this virus in their tears. 108 It is likely that other viral species may be present. DNA evidence of the presence of fungal micro-organisms has been found in about 30 per cent of children, although cultures for these micro-organisms are rarely positive. 109 Molecular studies so far have examined the ocular microbiome of subjects on one occasion only. 81, 82, 84 This does not allow for differentiation between transient and persistent micro-organisms. Although a few genera have been consistently found to be present by both cultural and molecular techniques, the role of recently identified genera by molecular techniques needs to be clarified.
One of the major factors which can lead to disturbance of the normal balance between the tissues and the microbiome is the use of contact lenses. While contact lenses provide an excellent mode of vision correction and are well received by millions of users worldwide, 110,111 their use is not without impact. Other applications of contact lenses to correct eye abnormalities, and especially orthokeratology (ortho-K) for myopia control in children, are also gaining popularity. Even with the best compliance, changes in the ocular environment will occur. As the majority of contact lens wearers do not meet such high standards of compliance, 111-113 the effects are likely to be magnified and increase the risk of tipping the balance toward a more susceptible state for the development of infections and other complications.
USE OF CONTACT LENSES
Worldwide, soft lenses are the most popular contact lenses for vision correction and they have been commercially available since the 1970s. However, their use has been associated with increased risk of infection and other ocular complications, such as contact lens papillary conjunctivitis and red eyes. 114 In a large-scale study of 1,075 subjects reporting a contact lens-related eye infection, 57 per cent used soft daily wear lenses with a further 35 per cent using soft extended wear lenses. 111 In recent years, other modalities have become popular, in particular daily disposable lens wear. These lenses should reduce infection risk and only 3.4 per cent of reported infections occurred in patients using daily disposable lenses. Rigid gas-permeable (RGP) lenses for vision correction have become unpopular and only four per cent of infections involved patients with RGP lenses. Ortho-K utilises reverse geometry RGP lens design to modify the corneal shape when worn during sleep, to reduce myopia and, over time, decrease myopia progression in children. [115] [116] [117] [118] There has been much publicity attached to case reports of incidences of microbial keratitis associated with ortho-K, 119, 120 but the risk of infection, as demonstrated in several large-scale studies, is actually considerably lower (13.9 per 10,000 patient-years) than extended wear of soft contact lenses (19.5 per 10,000 patientyears) and silicone-hydrogel extended wear (25.4 per 10,000 patient-years). 121 Clearly, insertion of a contact lens into the eye will lead to a wide range of interactions which will be affected by the composition of the lens material, the components of the tear film and characteristics of the individual. 122 These effects can be considered from both a biophysical and biochemical standpoint. The former can be evaluated using a range of clinical techniques, 123, 124 but sophisticated laboratory techniques are required to assess biochemical changes. 122 
Contact lens-associated infections
The most important contact lens-associated infection is microbial keratitis, which is a severe and possibly sight-threatening condition. It is caused by a wide range of microorganisms including bacteria, fungi, virus and protozoa. 125 The causative microorganisms vary between developed and Contact lens use on ocular proteome and microbiome Boost, Cho and Wang developing countries, with fungi being more important in the latter. 126 A study performed in Europe compared isolates from infected eyes and showed that most infections were attributable to microorganisms usually present in the normal microbiome with a small number attributable to Pseudomonas, Proteus and other micro-organisms. 85 Although relatively rare, due to their possible effects on vision, microbial keratitis is a major concern for practitioners. Risk factors have been identified, which range from overnight use to poor compliance with cleaning and storage of lenses. Other factors identified include male gender, smoking, internet purchase of contact lenses, new users of lenses, and higher socio-economic status. 121, 127 However, the insertion of contact lenses into the eye significantly alters the ocular environment and by doing so, may result in changes in both the proteome and microbiome. These changes may reduce the antimicrobial environment of the ocular surface or select for the survival of pathogenic micro-organisms. Some of these effects may not be related to the contact lens itself, but to contaminants and disinfecting solutions or cleaners introduced simultaneously with the lens. Other factors, such as contact lens material, modalities, frequency of replacement and lens care system, as well as individual characteristics of the contact lens wearers, may also affect the outcome.
Alterations in the ocular environment caused by the use of contact lenses may increase susceptibility, explaining the increased risk for microbial keratitis, especially involving pathogens rarely causing infection in non-contact lens wearers, such as P. aeruginosa, 128 Fusarium solani and Acanthamoeba. 129, 130 It appears that P. aeruginosa adapts to the contact lens ocular surface environment, allowing it to bind to the corneal epithelial cells. 131 This may be associated with the reduction in secretory IgA discussed below.
Effects of contact lens wear PHYSICAL EFFECTS
Contact lens wear is associated with a variety of symptoms leading to discomfort in most patients. The most important of these symptoms is increased dryness of the eye. 132, 133 Frequent replacement of lenses has led to a decrease of these symptoms. 134 Good lens fitting is essential as increased lens movement results in reduced comfort. 135 Contact lenses interact with the densely innervated ocular surface. It has been shown that rigid, ortho-K and hydrogel contact lens wear are associated with reduced corneal sensitivity. 136 Reduced sensitivity can affect blinking and tear secretion, leading to increased tear evaporation, formation of deposits and symptoms of dry eye. 137 In contrast, silicone hydrogels and daily disposables do not appear to affect corneal sensitivity. 136, 138 As well as the desiccating effects of the lens itself on the eye, the environment may also exacerbate dryness. Wearing contact lenses in air conditioned offices and on aircraft, as well as climatic changes, cause the development of dryness symptoms in contact lens wearers. 139, 140 This leads to a similar response of mild inflammation and increase of IL-6, IL-8 and epidermal growth factor. 141 These effects have been shown to occur within 90 minutes.
CHANGES TO TEAR FILM OSMOLALITY
Immediately after insertion of a contact lens, there is a reduction in tear film osmolality, probably due to tear hypersecretion as a result of irritation.
142 This is shortly followed by an increase in osmolality as the eye adapts to the presence of the lens. 143, 144 In most wearers, osmolality returns to normal after stabilisation 144 but a few subjects may have elevated osmolality for extended periods. 145 Elevated osmolality may be associated with the development of dry eyes. 146 
HYPOXIA
The presence of a lens on the ocular surface interferes with the oxygen supply to the epithelial cells. Improvement in lens materials has reduced hypoxia-related complications, but there is still a difference in oxygen level at the epithelial surface between lens wearers and non-lens wearers. 147 Estimates of effects of closed eye conditions on tear film components have varied. While there is agreement that secretory IgA increases, 34, 64, 148, 149 lactoferrin and lipocalin were reduced in some studies 34, 148 but unchanged in others. 64, 149 In an attempt to determine the effects of hypoxia on tear components, ascorbate, secretory IgA, albumin and lactose dehydrogenase levels were compared in subjects before and after sleep, with or without overnight ortho-K lens wear. It was found that there were increases in the levels of all components tested after sleep, but only albumin and lactose dehydrogenase were significantly more elevated by the presence of an ortho-K lens. The increases in albumin and lactose dehydrogenase suggested additional hypoxic stress of the ocular surface during overnight ortho-K lens wear. 149 Hypoxia has been shown to affect the overall tissue thickness of the ocular epithelium and epithelial thinning has been shown to occur during extended contact lens wear, 128 although this can be reduced if lenses with greater oxygen transmissibility are used.
150,151 Binding of P. aeruginosa to the ocular surface is increased by lensinduced hypoxia.
150, 152 Other components of the corneal defence system may also be reduced in hypoxic conditions, increasing the risk of infection, but these effects, seen in animal models, were not as extreme in contact lens wearers. 153 
CORNEAL DAMAGE
Presence of a contact lens in the eye frequently causes an inflammatory response, as one-third of contact lens wearers in the USA reported at least one visit to the doctor for red or painful eyes. 111 Minor damage to the cornea is most frequently detected by staining of the cornea using fluorescein. A large-scale study revealed that 55 per cent of contact lens wearers displayed corneal staining, eight per cent of whom had severe staining. 154 Other studies have reported a wide range of prevalence of corneal staining with [155] [156] [157] or without contact lens wear. [158] [159] [160] However, determination of corneal staining varies immensely between studies because of use of different and somewhat subjective scoring systems. 154 Staining indicates that there are gaps in the corneal surface as a result of cells being damage or displaced. This leads to development of inflammation as is evident by increased rates of inflammatory mediators present in wearers of contact lenses. [161] [162] [163] [164] This inflammation can be as a result of hypoxia, mechanical forces, deposits or solution cytotoxicity. 164 Extended wear and overnight wear have been associated with the presence of IL-8 and epidermal growth factor, 161,162 while daily wear of RGP lenses increases expression of IL-6, tumour necrosis factor alpha and IL-10. 163 The presence of inflammatory factors indicates both the presence of mechanical trauma and corneal wound healing response. Although healing of the corneal surface is known to be highly efficient, trauma leading to gaps Contact lens use on ocular proteome and microbiome Boost, Cho and Wang Clinical and Experimental Optometry 100.5 September 2017 © 2017 Optometry Australia in the surface breaches the ocular defence, allowing the entry of micro-organisms and potential development of infections. 165 
DEPOSITS
During contact lens wear, a range of substances may deposit and adhere to the lens as a result of an interaction between the contact lens and the tear film. Protein deposition on hydrogel contact lenses are affected by the water content, surface charge, hydrophobicity and pore size of the lens material. [166] [167] [168] Lipids tend to accumulate more on silicone hydrogels than on hydrogel lenses. 169 In contrast, lysozyme and lactoferrin deposit less on silicone hydrogel than hydrogel lenses. 170 The initial deposition and other tear components may impact the adsorption of other proteins. 168, 171 Depositions may also be affected by the care solutions. Contact lens care solutions contain preservatives, surfactants, lubricants, and chelating and buffering agents. The combination and concentration of these components may impact the cleaning and comfort of contact lenses. A multi-site investigation on the impact of three multi-purpose solutions on the protein deposits on silicone hydrogel and hydrogel lenses in experienced contact lens wearers did not show a consistent pattern in lens solution combination on the amount of protein extracted from the lenses. 172 This suggested that there may be more complex interactions between the lens material, solution and individuals.
Microbial keratitis, contact lens acute red eye, contact lens peripheral ulcer and infiltrative keratitis are believed to be associated with bacterial contamination of the contact lenses. 173, 174 Deposits are associated with hypersensitivity and microbial contamination. 175, 176 In vitro studies, investigating the effects of protein deposits on bacterial adhesion to contact lenses, have demonstrated that lysozyme adsorbed to silicone hydrogel and hydrogel lenses increased adhesion of S. aureus but did not affect adherence of P. aeruginosa. 23, 177 However, a contradictory result was reported in which lysozyme adsorbed to hydrogel lenses had negligible effect on the adhesion of S. aureus. 178 A study investigating the antibacterial activity of adsorbed lysozyme against S. aureus showed there was no effect on viability, confirming that lysozyme alone cannot kill S. aureus. 23 Similar studies estimating the effects of adsorbed lactoferrin revealed that there was increased adhesion of S. aureus and P. aeruginosa and that the viability of P. aeruginosa was decreased in lactoferrin-coated silicone hydrogels. 23, 179 Further studies on the effect of lysozyme/lactoferrin combination on adhesion concluded that the combination did not lead to increased adhesion of most strains of S. aureus or P. aeruginosa tested. 180 Adhesion of S. aureus and P. aeruginosa to contact lenses may be affected by the lens material, as there was an increased adhesion of bacteria to uncoated silicone hydrogel lenses than the etafilcon A lens. 23 Although protein deposition is mainly considered with respect to contact lens discomfort, the conformational changes in protein and the large amount of the antibacterial proteins accumulated on hydrogel lenses may alter the antimicrobial balance of the ocular surface. 166, 181 It does appear that binding of antimicrobial proteins to the lens enhances bacterial adherence and is associated with a loss of their antimicrobial activity through protein denaturation, 182, 183 although this may well be affected by the lens material and vary between pathogens. The in vivo effect of protein deposition on bacterial adhesion remains to be further investigated.
CHANGES TO PROTEOME
Early studies have shown that deposition could affect ocular health, causing inflammatory responses, including contact lens papillary conjunctivitis. 114, 184 Characterisation of deposits initially based on chromatography showed the presence of lysozymes in the deposits. 185, 186 Later studies determined that there was a variety of proteins present but full identification was not performed. 187, 188 In a study on the effects of use of extended wear contact lenses, 15 of 311 proteins were found to change significantly, but it was only possible to identify three of these due to technical limitations. Albumin and immunoglobulin increased with initial extended wear, but reduced after one month to normal levels. In contrast, zinc α2-glycoprotein, which is important for lipid mobilisation and degradation, decreased. 189 Other studies have shown that lipid degradation was increased in intolerant lens wearers. 190 In contrast to reducing levels of components in the tear film as a result of absorption and deposition, the presence of a lens may also stimulate the production of an additional component or increase baseline levels of those already present as a result of fricto-mechanical stimulation by the lens on the anterior surface of the cornea. [191] [192] [193] The presence of new compounds or upregulation of existing agents may lead to inflammatory changes causing an excessive response to the presence of antigens. 194 It can be suggested that the enhanced inflammatory change may place the eye in a state of alert to be able to respond rapidly to infectious agents, but in general, it is considered that a long-term inflammatory state is not desirable.
The presence of the lens alters the stability of the blood-tear barrier due to the mild inflammatory changes associated with contact lens wear. 195 This leads to plasma leakage onto the ocular surface, which can be characterised by increases in levels of albumin that can easily cross the blood-tear barrier. 122, 196 The relationship between presence of the contact lens and the increase in albumin levels is confirmed as the level of albumin falls to pre-lens wearing values after the lens is removed. 197 Other components that may cross the barrier include cytokines and chemoattractants. 198, 199 With the development of more sophisticated analytical techniques, it has become possible to determine both identity and functionality of proteins present in the tears. Studies have been able to confirm the presence of lysozyme, lacritin, lactoferrin, lipocalin, proline rich 4 and Ig alpha on all contact lenses tested. 200, 201 The presence of Ig kappa, secretoglobin 2A1, and prolactininduced protein appeared to be affected by the lens care solution used, as they were present in only three of the four solutionlens combinations examined. 201 As these proteins are all present in the tear film, being deposited onto the contact lenses may change their concentrations in the tear film. This may be particularly important for certain types of materials, especially Food and Drug Administration Group IV lenses.
It has been noted that lacritin was the most severely down-regulated protein in patients with contact lens-related dry eyes. 196 This protein is also deficient in patients with a range of other ocular problems and provision of lacritin has been proposed to alleviate the symptoms of dry eye. 202 It has also been noted that lipocalin was present in significantly higher amounts in the tears of subjects who were intolerant to soft contact lens wear due to symptoms of dry eye than those who were tolerant. presence indicated there may have been damage to the corneal surface. 204, 205 This was supported by changes in cytokine and chemotactic lipid inflammatory mediator profiles. 198 Interleukins, IL-8 and IL-6, were also elevated in contact lens wearers. [206] [207] [208] When lens wear was discontinued for six days, IL-6 was no longer detectable in the tears, but increased to the previous level on resumption of lens wear. 207 A more comprehensive study showed that levels of lactoferrin, secretory IgA, lysozyme and albumin were reduced, while the concentration of lipocalin was increased. 209 An earlier study had shown that IgA-specific antibodies for E. coli were reduced in a contact lens-wearing group compared to control subjects but this change did not reach statistical significance. There were no changes to antibodies to Haemophilus influenzae or S. epidermidis.
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Using a different approach, Kramann and colleagues 211 showed that lysozyme was reduced in all contact lens wearers. S100 A8 was elevated in soft contact lens wearers whereas cystatin was increased and secretoglobin decreased in rigid lens wearers. Other studies have also shown changes in lactoferrin, lysozyme, proline rich protein 4, calgranulin and S100 A8. [212] [213] [214] [215] Quantification of total proteins showed that contact lens wearers had reduced levels of proteins compared with non-wearers, confirming the reduction in individual levels described by other studies. Diurnal variations in lactoferrin, lysozymes and lipocalin did not vary between contact lens wearers and nonwearers. 216, 217 Lens solutions may also change the tear proteome composition. The presence of taurine appeared to improve contact lensinduced dry eyes 218 and was associated with reduction in complement components and immunoglobulins. 172, 219 The effects on the tear film proteins may differ depending on the care solutions used. 220 Newer care solutions contain protein stabilisation agents to prevent denaturation of lysozyme and lactoferrin and may help to retain the antimicrobial activity of these proteins if they bind to the lenses. 221, 222 However, further work is required in this field as new solutions continue to be introduced and other contact lens-related solutions, such as cleaners, may also affect proteins and peptides in tears. It is important that contact lens solutions cause minimal disturbance to the proteome to assist in maintaining ocular health. 223 Thus, changes in the proteome occur if contact lenses are worn and this may help explain the increased risk of ocular infections, as the major changes observed appear to be related to antimicrobial compounds. 224 
CHANGES TO LIPIDS
Meibomian gland lipids are relatively stable to oxidation, but immobilisation on the lens surface may allow for increased degradation of their fatty acid components. 122 However, other lipids produced by the cornea, conjunctiva and lacrimal glands contain more polyunsaturated fatty acids, which are more readily oxidised. 225 Oxidised end-products are thought to contribute to discomfort symptoms after several hours of contact lens wear. Such products can cause tissue damage and have been detected in the matrix of worn contact lenses. 226 Malondialdehyde (a biomarker of oxidisation) levels were higher in wearers who were intolerant to contact lens wear than those who were tolerant. 203 Intolerant contact lens wearers also have increased levels of phospholipid-degrading enzymes. Other reports have also shown elevated levels of these enzymes in contact lens wearers. 227, 228 End-products of these enzymatic degradations have been identified in tears of contact lens wearers. 229 
CHANGES TO MUCINS
There is conflicting evidence concerning the effects of contact lens wear on the amount of mucins in tears and their expression by ocular surface cells. Early studies suggested that total mucins in tears were reduced 230, 231 but a later study 232 found no differences in tear content of MUC1, 4, 5Ac or 16. More recently, some significant changes in messenger RNA expression of mucins was detected but not confirmed by protein analysis. 233 Currently, the evidence for effects of contact lens wear on mucin expression is not conclusive. Most studies have reported a reduction in number of goblet cells in the conjunctiva but again, conflicting reports have been published. 234 Contact lens solutions may interfere with protective mucins, in particular MUC16, and it is suggested that this leads to increased binding and uptake of P. aeruginosa. 235, 236 Other changes have indicated that corneal cells of contact lens wearers may not respond to the presence of this organism. 237 In recent years, a vast amount of information has been reported concerning changes of tear film components related to contact lens wear. There are considerable variations in the findings of these studies, some showing increases and some decreases in individual components associated with lens wear. While it is obvious that changes do occur and that some can be related to pathological changes in the ocular surface, further work is needed to determine which are indeed important and which are merely background noise.
CHANGES TO THE MICROBIOME
Using culture methods, many studies have examined whether contact lens wear alters the micro-organisms present on the conjunctiva or eyelids. Overall, studies showed little impact on the usual members of the ocular microbiome, CNS, Corynebacterium and Propionibacterium, but there may be an increased risk for presence of potential pathogens, especially Gram-negative bacteria. 100 Some researchers have indicated that contact lens wear, in particular using rigid or ortho-K lenses, may reduce the overall numbers present. [238] [239] [240] In contrast, the numbers of CNS may be increased by use of contact lenses. 240, 241 Biofilms can develop on surfaces exposed to micro-organisms and they are more resistant to disinfectants, antibiotics and host defence mechanisms. 242 A biofilm may form on a contact lens if it has not been effectively cleaned before insertion into the eye, increasing the risk of infection. Serratia marcescens present in biofilm on hydrogel lenses were found to be resistant to phagocytosis. 243 Use of molecular techniques to determine if there have been changes in the microbiome have been attempted. 244, 245 In the study of Shin and colleagues 244 no significant differences were found between the conjunctival micro-organisms of lens and non-lens wearers. However, there was more similarity between the conjunctival and lower lid microbiota in lens wearers than in non-lens wearers. Lens wearers had more diversity in microbiota than non-lens wearers. Comparison of micro-organisms present in non-lens wearers revealed that females were more likely to harbour Acinetobacter and Enterobacteriaceae than males but this difference was not confirmed in lens wearers. Lens wearers had increased numbers of Pseudomonas, Acinetobacter, Methylobacterium and Lactobacillus, but levels of Comparison of ocular microbiota with skin microbiota showed that microorganisms in the conjunctiva more closely resemble those on the skin on the hands than the skin of the lower eyelid. Increased numbers of skin bacteria in contact lens wearers suggested that lenses may play an important role in transferring skin bacteria to the eye. This study showed that the ocular microbiome remained relatively stable in contact lens wearers, although additional micro-organisms were present in some subjects. Anaesthetic drops containing proparacaine hydrochloride were instilled in some subjects before sample collection, which may account for the lower number of micro-organisms detected from their eyes as the drops may have diluted or washed away bacteria from the eye. This shows the importance of collecting samples with minimal disturbance to the ocular surface.
Zhang and colleagues 245 compared the ocular microbiome of 12 ortho-K lens wearers and 13 soft lens wearers with those of 14 non-lens wearers. The most important genera present was similar to those of other studies investigating non-lens wearers. 82, 246 In their study, Zhang and colleagues 245 attempted to eliminate many possible contaminants identified by previous studies by including a blank sample exposed only to the air of the collection room. These micro-organisms found in the blank sample were removed from the overall microbiome of the subjects. Numbers of pathogens were not significantly increased in lens wearers compared to non-lens wearers. However, the microbiota of ortho-K lens wearers differed from those of soft lens wearers, as the former had fewer numbers of Bacillus, Tatumella and Lactobacillus, while the latter had increased numbers of Elizabethkingia and decreased numbers of Delftia.
Overall, the results of both studies have revealed that there are only minor differences between wearers and non-lens wearers, indicating that use of contact lenses has a fairly small impact on the microbiome of healthy subjects. 244, 245 A limitation of the study by Zhang and colleagues 245 was the use of only one blank control for all samples, which may not be appropriate, as it is possible that the core micro-organisms would be identified as transient if they were present in both the test and control samples. A recent largescale study of ocular microbiota addressed the contamination issue by including an environmental air swab for every four subjects (27 controls in total), instead of a single blank sample. 84 It must also be remembered that the studies performed on contact lens wearers so far have involved small numbers of participants 244, 245 and may have involved subjects with good compliance as volunteers tend to be more health-conscious. 247 The situation may differ in lens wearers failing to comply with instructions for safe contact lens wear.
However, while the changes in the microbiome may be minimal, contact lens use may lead to changes in the carriage of determinants for antibiotic and antiseptic resistance. Micro-organisms carrying such determinants are more resistant to therapy and may not be eliminated from the lens during the disinfection process. A study comparing spectacle wearers with longterm ortho-K lens users revealed that the latter group had significantly more isolates positive for antiseptic resistance genes. 248 This was confirmed to be associated with contact lens wear by a longitudinal study in which subjects were sampled before and at two subsequent visits after commencement of lens wear. The prevalence of antiseptic resistance genes increased after commencement of lens wear in individual subjects, confirming the association of lens wear with antiseptic resistance gene-positive bacteria. 249 In most situations, harbouring of antiseptic resistance genes is not considered to have much importance because the change in minimum inhibitory concentrations between gene-positive and genenegative micro-organisms is insufficient to render these micro-organisms resistant to concentrations of antiseptic in skin or environmental disinfectant agents. However, the concentrations of disinfecting agents in multipurpose solutions for contact lenses are considerably lower so as not to cause damage to the sensitive ocular mucosa. The minimum inhibitory concentrations of the gene-positive isolates were above those of the multipurpose solutions, indicating that they would not be killed during routine disinfection. 250 
CONCLUSION
It has been known for some time that contact lens wear is an important risk factor for the development of ocular infections.
Initially, this was thought to be mainly related to physical insults to the ocular structures and introduction of causative microorganisms into the eye, largely as a result of poor compliance with contact lens routines. While compliance remains of paramount importance in prevention of infections, other factors may well play a role in changing the susceptibility of contact lens wearers to infections. Recent innovations in technology have allowed in-depth analysis of both the ocular proteome and microbiome, and for the investigation of changes related to contact lens wear. Although few studies have yet been published, it appears that while the proteome is affected, in particular by increases in inflammatory agents and some reductions in antimicrobial components, the microbiome appears to be fairly stable. Further studies are warranted to confirm these findings. Other effects of contact lens use may affect the genomes of individual microorganisms by increasing their resistance to disinfectants or antibiotics. Other genetic changes may increase their ability to persist on the ocular surface. Changes to the proteome and microbiome from contact lens use may combine to tip the balance in favour of ocular adverse events.
